The evolutionary events that allowed the rapid occurrence of metazoa are still enigmatic. The presumably oldest metazoan fossils are microscopic and occur just above 635 Ma, at the beginning of the Ediacaran period. Upon condition that the lack of macrofossils in the lower Ediacaran strata is real, the assumption of a sudden appearance of already complex, but still small animals that flourished during the first half of the Ediacaran is a reasonable option.
Introduction

The first Metazoa
The transition from the protozoan to the metazoan level of organization is one of the most intriguing phases of animal evolution. Current pictures about successive stages and timing of early metazoan evolution are strongly biased by expectations as they have been deduced from the spectrum of molecular-developmental complexities of extant animals and from a perspective of "phyletic gradualism" (Schindewolf 1950; Eldredge and Gould 1972) , but crucial information may be encrypted in the fossil record.
Extraordinary evolutionary changes occurred around the Precambrian-to-Cambrian boundary at about 542 Ma. Bio-as well as chemostratigraphic data illustrate this radical event (e.g. Grotzinger et al. 1995; Amthor et al. 2003; Wille et al. 2008; Jiang et al. 2009 ). In the fossil record typical representatives (so-called crown group members) of modern animal phyla do not occur until the end of the Precambrian, but then in the subsequent Cambrian strata modern animal diversity appears in an exploding way (Conway Morris 1989; Valentine et al. 1999; Budd 2008) . The appearance of endo-and exoskeletons in the Cambrian fauna facilitated its fossilization, whereas small and/or soft bodied, animals from the preceding Ediacaran period had a relatively low taphonomic potential. Nevertheless, there is a significant amount of high quality fossils from the Ediacaran. These fossils have revealed a highly exceptional Ediacaran fauna with exotic body plans (Xiao and Laflamme 2009 ). Most diverse interpretations concerning their phylogenetic positions have been proposed. While these biota have been regarded as failed evolutionary experiments of early metazoan branches or even non-animal organisms by some authors (Seilacher 1992; Seilacher et al. 2003) , many Ediacaran genera have been tentatively assigned to modern animal clades. However, the many attempts to establish a Precambrian presence of basal animal phyla such as Porifera or Cnidarians (Li et al. 1998; Xiao et al. 2000; Budd 2008; Love et al. 2009 ), remain to be unequivocally demonstrated (Zhang and Yuan 1998; Leiming et al. 2001; Pisera 2006; Antcliffe and Brasier 2007; Liu et al. 2008; Brocks and Butterfield 2009 ). Yet, microfossils from China suggest that embryonic features of modern metazoa have their roots in the lower Ediacaran (Xiao et al. 1998; Chen et al. 2000; Hagadorn et al. 2006; Yin et al. 2007 ). Even controversial claims about the presence of triploblastic and bilateral symmetric animals (Chen et al. 2000; Bengtson and Budd 2004; Chen et al. 2004 ) appear to be increasingly well funded (Chen et al. 2004; Chen et al. 2009 ). In addition, many upper Ediacaran macrofossils (e.g. Yorgia, Spriggina, Dickinsonia, Onega, Praecambridium) display gliding type symmetries and body plans strongly reminiscent of bilaterians from the Cambrian. For such reasons it has often been taken into consideration that bilaterians have already emerged in the Ediacaran period.
Together with molecular-clock estimations that suggested relatively early divergence times for metazoans (e.g. Douzery et al. 2004 ), these findings even enhanced the hunt for earliest fossil evidence of bilateral or non-bilateral basal phyla (Placozoa, Sponges, Ctenophores, and Cnidarians). However, up to date fossil evidence is not able to provide unequivocal proof for a Precambrian presence of modern animal phyla. Nevertheless, due to the just mentioned reasons, the idea that bilaterians and basal phyla have emerged well before the Cambrian is persisting, but the corresponding members would have been atypical, rare, or would have not been easily fossilized. It is possible that future fossil discoveries will be in favor of a Precambrian emergence of modern animal phyla. But even if that will be the case, it would still be necessary to explain why there is a clear-cut shift around the Precambrian-Cambrian boundary, and what explains the coincident and sudden arrival of crown-group fossils from modern phyla at this time.
Alternatively, one may assume that the current picture of early animal paleontology, including the absence of modern phyla in the Ediacaran, but the presence of initially very small and later of exceptional macroscopic body plans, is actually real and representative of the succession of events that led to modern animals. However, in that case it would be necessary to fundamentally revise the classical evolutionary models, which anticipated a linear and gradual occurrence of increasingly complex metazoan body plans as they are known from the spectrum of extant animal phyla.
Two quantum leaps in the early animal record
Here, based on well-funded and globally occurring fossils, an emerging picture of the Ediacaran period with two major transitions in size and complexity is going to be highlighted.
The corresponding fossils and the respective dates of occurrence are shortly discussed in this paragraph, however, any attempt to classify Precambrian fossils into modern animal phyla is avoided.
While molecular-clock estimations about divergence of metazoan phyla have approached closer to the base of the Cambrian (Douzery et al. 2004; Jacobs et al. 2005; Peterson et al. 2008) , metazoan affinities for rare trace and body fossils from before the Ediacaran (e.g. Weiguo et al. 1986; Seilacher et al. 1998; Rasmussen et al. 2002) are not conclusive, because non-metazoan interpretations make sense as well (Conway Morris 2002; Jensen 2003; Dong et al. 2008; Matz et al. 2008; Bengtson and Rasmussen 2009 ). Actually, the fossil record indicates that it is the Ediacaran period, which represents the beginning, or at least the breakthrough, of metazoa (Budd 2008; Xiao and Laflamme 2009 ).
The base of the Ediacaran is characterized at many globally distributed localities by a capcarbonate layer, dated and correlated to about 635 Ma (Knoll et al. 2006) . It marks the end of an extended global glaciation event, the so-called Cryogenian period. In China, close to the base of the Ediacaran period, the Doushantuo formation contains phosphatized microfossils that represent the oldest widely accepted remains of higher animals (Gostling et al. 2007) .
Structures that resemble different stages of modern animal embryos (Xiao et al. 1998; Chen et al. 2000; Hagadorn et al. 2006; Yin et al. 2007 ), or possibly small adults with bilateral symmetry (Chen et al. 2000; Chen et al. 2004) , have been recognized. Cleavage-stage Doushantuo embryos are contained within species-defining acritarch hulls, some of which can be traced back to strata that have been deposited between 635 Ma and 632 Ma ago (Yin et al. 2007 ). Based on the relatively large size and morphological similarities to diapause eggresting stages of modern metazoa, the association of embryo-containing acritarchs from China into a group of large ornamented Ediacaran microfossils (LOEMs) from worldwide locations (Cohen et al. 2009 ) suggests a global event of animal evolution, beginning in the lowest Ediacaran strata with maximal diversification around mid Ediacaran (Willman and Moczydlowska 2008; Vorob'eva et al. 2009 ).
As distinct from these presumably oldest metazoan microfossils, the first metameric macrofossils (e.g. Charnia) with animal affinity appear some tenth of million years above the base of the Ediacaran Wood et al. 2003; Narbonne 2005; Bottjer and Clapham 2006) . Their lowest occurrence is just above Gaskiers glaciation, which has been dated to about 580 Ma . Thus, if the absence of macrofossils in the lower Ediacaran strata is real, as opposed to taphonomic, the first metameric animals have occurred around mid-Ediacaran. Together these macrofossils form the so-called group of Ediacara biota. Inferred deep-water habitats and increased surface area that may have favored nutrient uptake, point to a heterotrophic life style of early Ediacaran biota Narbonne 2008a, Laflamme and Narbonne 2008b) . Furthermore, there seems to exist continuity in the succession of mid-Ediacaran-to-Cambrian body plans (see discussion). In the context of the following model of modular evolvability this represents a major argument for an interpretation of Ediacaran biota as stem-group metazoa (but not as representatives of stem-group animal phyla; see below).
Although the affinities of Ediacaran fossils are still highly controversial and one can never exclude future fossil discoveries that will prove earlier occurrences of certain groups, the following assumption can reasonably be made: Small metazoans with different symmetries, possibly including bilaterality, have emerged during the early Ediacaran period. A completely new class of animals with larger, metameric body plans, and various symmetries appeared later, after Gaskiers glaciation.
Thus, it may be the case that metazoa have evolved from rudimentary forms of multicellularity to complex modern animals within 100 million years of Ediacaran evolution and, if so, this would raise a couple of questions. Are the known fossils of that period representative of the evolutionary continuity from unicellularity to modern animals? When did the "basal" phyla such as Sponges, Ctenophores, Cnidarians or Acoels have branched from other animals? Are current models capable to explain this emerging picture of Precambrian evolution, such as it has not really been anticipated through classical models about animal evolution?
A new hypothesis about early animal evolution
The concept of phenotype modules
Even the most detailed analysis of early metazoan fossils, by itself, cannot reveal a theory about the mechanisms that allowed their appearance. Such a theory must include genetic modeling, but the molecular structure of the first animals is out of direct reach. Thus, based on paleontological indications and in agreement with detailed developmental and molecular knowledge from extant organisms, one may put up testable hypotheses that can be challenged to future data from extant and fossilized life (Raff 2007) .
A conspicuous feature of Ediacaran biota may give an important hint: their prevalent construction from metamerically reiterated macroscopic modules. The founding idea of the present model is that the construction of new phenotypes on the basis of already existing modules may represent a general evolutionary strategy that works with analogous modules at different scales. At the protein scale, the well-accepted mechanism of domain shuffling (Babushok et al. 2007 ) points to an extremely old strategy that allowed the efficient evolution of new proteins on the base of exon-encoded peptide modules. By putting emphasis on this old mechanism, a general theory about evolvability is going to be developed first. Then, based on obvious analogies between the peptide modules of exon shuffling and modules at larger scales, it will be suggested that genetic systems, which function by the same principle of module recycling may have played a fundamental role in the construction of new phenotypes at further degrees of complexity, such as during the presumed radiations that led to small multicellular animals and some tenth of million years later to larger metameric body plans.
Domain shuffling and evolvability
The probability that a new protein, consisting of a completely random amino acid sequence, is capable of performing any useful biochemical function is essentially zero (Maynard Smith 1970) . Rather, a protein composed from already successful peptide modules has a much higher chance to perform useful functions in an organism, especially if there is the possibility that the modules may be subsequently adapted to the new context. According to the so-called exon-shuffling theory (Gilbert 1978) , exons correspond to functional peptide modules that are recombined by specific molecular mechanisms (Moran et al. 1999; Roy and Gilbert 2006; Babushok et al. 2007 ) to new mosaic proteins, while introns can speed evolution by increasing the rate of recombination among exons. New data about proteomes (Apic et al. 2001; Vogel et al. 2005; Babushok et al. 2007) , and intron-exon structures of many genomes (Long et al. 1995; Roy 2003) corroborate the view that most proteins have been constructed on the basis of a relatively small repertoire of exon-encoded peptide families with modifications of the amino acid sequence (Fig. 1, red and blue arrows). Thus, modular domain shuffling may have played an important, if not fundamental, role in evolution. This is now widely accepted among molecular biologists interested in protein evolution. However, it never found its way into a more general evolutionary theory.
The multiplication and diversification of phenotype modules
Macroevolution follows a general trend from simple phenotypes to more complex ones (Carroll 2001) . Repeatedly, evolution had to generate fundamentally new functions. In analogy to the example of domain-shuffling, also at the multicellular scale, it would be absolutely inefficient to challenge new phenotypes that where designed completely at random to changing environmental conditions. In fact, because only an extremely small subset of the essentially infinite genotypic space encodes functional phenotypes, it would have taken simply too much time to reinvent new functions each time from the beginning (by trying completely random DNA sequences). However, as illustrated by the example of domain shuffling, evolving systems may explore new functions by reusing already proven functional modules in alternative ways and adapt them to new needs. However, there is a problem to solve. In general, established phenotypic functions are essential for fitness.
An exon, which encodes a function, can encode this function in two different proteins that have been generated through alternative splicing for instance. In order to be adapted for a new function in one of the two protein variants, some mutations that are neutral with respect to the function of the other variant may be introduced in the coding sequence. Thus, to a certain extent, a single exon is able to fulfill two phenotypic functions at the same time. As long as this exon can encode the second protein function without interfering with the first one, no problem should occur. However, at some point, the duplication of the entire gene is going to be unavoidable in order to further diversify the two protein functions. In fact, homologous exons appear in functionally different genes, thus, multiplication (followed by diversification) events must have taken place. Cells dispose of mutator mechanisms, such as illegitimate recombination or retrotransposition, which permit the multiplication of exons or entire genes. Subsequent differentiation may happen by point mutations for instance. As natural selection intervenes at the level of the phenotype, the evolutionary relevance of an exon-or a geneduplication consists in the duplication and subsequent adaptation of its corresponding protein functions. A duplication of the exon sequence brings with it the disconnection of the corresponding phenotype modules, and hence the possibility for subsequent differentiation of the two modules through modifications of the now independent coding sequences (Ohno 1970 ).
Nested hierarchy of phenotype modules
Analogously to the mechanism of exon shuffling, I hypothesize that at larger scales it should be much more efficient to search the phenotypic space by the recycling of already proven phenotype modules ( Fig. 1 green arrow) . Here, a well definable set of phenotype-modules (summarized in Table 1 ) that act at different scales is going to be proposed. Just like exon-encoded peptides, at each scale the suggested phenotype modules bear the potential to be multiplied and subsequently differentiated during the course of evolution.
One such class of larger-scale phenotype modules that fulfills the criteria of multiplication and differentiation are developmental sublineages, as they have been discovered through the detailed analysis of nematode development at cell lineage resolution. In a single individual for instance, small subparts of the complete cell lineage appear multiple times (Sulston and Horvitz 1977) through similar blast cell inductions that appear at several locations of a developing animal. These reiterated patterns have been called sublineages. Their discoverers had already mentioned that sublineage-multiplication/diversification events might have been important for cell lineage evolution (Sternberg and Horvitz 1982) .
Small differences among nematode sister sublineages at the molecular, ultrastructural, and functional levels have been described (Sulston and Horvitz 1977; Sulston et al. 1980; Schinkmann and Li 1992; Liu and Sternberg 1995; Lints and Emmons 1999; Lints et al. 2004 ).
The polycistin genes lov-1 and pkd-2 of C. elegans for example, are expressed in the B-type neurons of all the male rays, except ray 6 (Barr and Sternberg 1999; Barr et al. 2001 ). Thus, these two genes are differentially expressed in sister sublineages.
Here, I propose that during major radiations phenotype modules may have differentiated in a most effective way through variations at lower scales of basic phenotype modularity. In such way, after a sublineage-duplication event, the daughter sublineages may differentiate by the addition of a new cell type (i.e. one that exists somewhere else in this organism) or by the activation or inactivation of a co-expressed battery of proteins in a cell of one of the new sister sublineages (Table 1 , scales 5., 6. and 7.) In a continuation of this hierarchical principle at subsequently lower scales of phenotype modules, down to the level of amino acids, the function of the originally duplicated sublineage may be rapidly adapted and improved. Later this newly evolved sublineage may be reused at another location of a developing animal etc.
By this hierarchical system, a small number of mutational steps are sufficient for substantial innovations at the level of the phenotype, a prerequisite for high (i.e. rapid) evolvability. In other words: An efficient accessibility of the phenotype space is made possible via developmental-evolutionary systems that allow a hierarchically nested continuum of shorter and longer modular steps (see Fig. 1 , all arrows). During major evolutionary radiations, such as during the exploration of the previously uncharted multicellular space for instance, such a strategy could have represented a most effective way to create fundamentally new and highly complex metazoan phenotypes within a reasonable time span.
In the following the term "lineage" will be used exclusively for developmental cell lineages, whereas the term "line" is set aside to refer to "evolutionary lines", also called "evolutionary lineages" by some authors.
Basic evolvability
Here, based on the previously discussed features of phenotype modules, I propose a general characterization of phenotype-module-based evolvability: The present model implies that by reiterating and recombining versatile phenotype modules experience from the past may be used to increase the probability that a new phenotype is going to be successful. At first sight this may appear to contradict the paradigm of Darwinian random variation. However, the structure of environments to which phenotypic elements are exposed, is not completely random either (Caporale 2008) . Rather phenotypic elements function in abiotic and biotic environments, which are composed of highly constant and repetitive structures. Both, the biotic and abiotic environment of a phenotype module include the environment of the respective organism, as well as parts of that organism itself. In other words, environments, but also constant parts of an evolving organism, contain a predictable component, and this is crucial for evolvability. Thus, the "secret" of evolvable organisms may be purely and simply their ability to impose a bias on their proximal phenotype: Modular variation allows to anticipate the putative success of new phenotypes and to create new functional phenotypes in a highly accelerated manner.
Selection for evolvability
First, it is going to be suggested that both, the mechanistic tools of exon shuffling (i.e. introns, specific mutator mechanisms such as illegitimate recombination or retrotransposons, the splicing machinery) but also the exon-encoded peptide modules themselves, may have been subject to selection for evolvability. Selection intervenes at the individual level, but as is going to be discussed, and as it has been previously proposed in more theoretical considerations (Strobeck et al. 1976; Conrad 1990 ) it makes sense to talk about the "selection of an evolutionary line". It is most plausible that initially, the primitive precursor mechanisms 
Basic modularity, equilibrium, derived evolvabilities
The structures of extant organisms are far away from a strictly modular composition as one could expect if evolution was based on the phenotype-modules from above. To propose an explanation for this divergence, it is going to be considered how modularity may be linked to macroevolution. Here, following the present model of evolvability, I describe a hypothetic scenario of a basic radiation that is subdivided into three phases.
First is the initiation of a radiation. Regarding the causes of major radiations, extrinsic or intrinsic hypotheses have been pronounced (e.g. Signor and Lipps 1992; Knoll 1994; Knoll and Carroll 1999) . It can be expected that a complex interrelationship between, environmental, ecological and genetic factors were involved in the causative chains of radiations. But, whatever the exact circumstances were, the introduction of a new modular scale may be a key event for the induction of a major radiation. At the very beginning, in agreement with the paradigm of random variation, module multiplication at a new scale must be accidental. A phenotype module and the primitive molecular mechanisms required for its multiplication are recruited from already existing molecular and cellular elements and mechanisms. At this initial step, a size increase of an organism and a repetitive disposal of functional modules may represent a selective advantage. After such a supervital multimodular variant has been generated by pure chance, a sequence of selective events, linked to a gradual increase of evolvability, may begin. Now, functional specialization of individual modules and coordination among them may lead to new promising phenotypes. In the descendant lines more and more sophisticated mechanisms of module multiplication, recombination, and differentiation may cause increasingly enhanced evolvability. This means that selection for evolvability may ameliorate the mutator mechanisms required for module multiplication and diversification at the new scale; it may also improve the developmental mechanisms and the regulatory systems, that translate new genotypic variants into phenotypic variation; moreover it may extend the repertoire of modules, and their versatility. However, most importantly, the hypothesis of selection for evolvability during times of radiations involves a nested hierarchy of phenotype modules (Fig. 1) . This implies that during a radiation, which is based on modularity at a new scale (at the scale of sublineages or macroscopic metameres for instance), selection for evolvability will also lead to a reactivation of modularity at former scales (exon shuffling for instance). Thus, a revival of basic modularity at lower scales may be induced.
A main phase of very rapid evolution follows. Sophisticated modularity at the new and ancient scales now permits full exploration of a newly accessible phenotype subspace by a completely new group of organisms. Before the "invention" of that new modular scale, the multitude of these phenotype islands could impossibly be reached within a reasonable time span. Thus, rapid evolution may be characterized by highly evolvable organisms, which bear a certain repertoire of versatile modules at all scales, and with sophisticated mechanisms to recombine them. Continuous multiplication, recombination and differentiation of modules would be characteristic for such phases.
Finally, rapid evolution may slow down and end up in a phase of equilibrium: To the end of a radiation the exploration of a new subset of the phenotypic space has saturated the newly emerged ecosystems with a wide spectrum of highly adapted and competitive species that live in a more or less stable habitat of limited resources. Now, adaptations to minor and periodical changes of the environment may be accomplished through different evolutionary processes.
On the one hand ecological openings might be occupied by immigration of already existing species. On the other hand there may appear new kind of evolvability-conferring systems that allow more local explorations of the phenotype space, rather through modifications of existing phenotypes than through a fundamentally new over-all structure. In the literature there have been described many examples of such systems that may allow evolvability around basically established phenotypes (e.g. West-Eberhart 2003), only a few of which can be shortly mentioned here. From dogs for instance there have been described tandem repeats in the coding regions of developmental genes to be correlated to variability in limb and skull morphology (Fondon and Garner 2004) . Observed morphological variability in lizards during experimental island colonization (Losos et al. 1997 ) lets suggest that there may exist similar systems in other vertebrates. But also more innovative systems of developmental evolvability may have played a crucial role during phanerozoic evolution. Neural crest cells for instance, may have been crucial for the developmental evolution of many completely new structures in vertebrates (Kirschner and Gerhart 1998) . All these systems would have acted upon basic developmental programs and body plans during later evolution. Such systems are going to be referred to as "derived", but here I am going to stay focused on basic modularity as a evolvability-conferring mechanism of major radiations.
Thus, to the end of a basic radiation (i.e. a radiation that is based on basic phenotype modules), due to lacking selection for evolvability during equilibrium, a process of degeneration of the basic modular system may begin; the module recombination factors may fade away and the weak linkage (sensu Conrad 1990) of modules may be gradually abandoned. At the level of exon shuffling for instance, the frequency of retrotransposition might diminish and mutations, such as point mutations, small deletions, insertions etc. in a nomore-mobile exon-encoded module might lead to new specific interactions with the molecular environment of that module. Such new interactions may improve fitness in still changing conditions, but they will most probably interfere with evolvability, i.e., the capacity of these modules to serve as mobile and versatile components for new proteins. In addition, mutations that are neutral with respect to phenotype function, but detrimental for evolvability, may also accumulate in the genome. Finally, during equilibria, molecular, cellular, and developmental tinkering by so-called opportunistic mutations or by derived evolvability-conferring systems may become more important than strictly basic evolvability, which was crucial during the precedent radiation. Thus, the loss of clear borders among the initial modules would mask the basic modular structure of organisms.
"We have also formerly seen that parts many times repeated are eminently liable to vary, not only in number, but in form. Consequently such parts, being already present in considerable numbers, and being highly variable, would naturally afford the materials for adaptation to the most different purposes; yet they would generally retain, through the force of inheritance, plain traces of their original or fundamental resemblance. They would retain this resemblance all the more, as the variations, which afforded the basis for their subsequent modification through natural selection, would tend from the first to be similar; the parts being at an early stage of growth alike, and being subjected to nearly the same conditions. Such parts, whether more or less modified, unless their common origin became wholly obscured, would be serially homologous. " (Darwin 1872 . The origin of species. 6th ed.)
Discussion
The abrupt occurrence of modern animal diversity around the Precambrian-Cambrian boundary suggests that a relatively limited number of mutational steps have been sufficient for the rapid evolution to completely novel and highly complex multicellular phenotypes. (Conrad 1990; Earl and Deem 2004 ); the present model hypothesizes a new system of hierarchically organized phenotype modules to be central for the major radiations of macroevolution.
The hypothesis is in agreement with the still controversial perception of macroevolution as not a gradual, but rather a punctuated process (Eldredge and Gould 1972; Gould and Eldredge 1993; Sheldon 2001) . Furthermore, like in older concepts, it proposes that macroevolution is not simply the sum of microevolutionary events (Erwin 2000) . It suggests that evolution is rather based on a specific sequence of evolvability-conferring systems. It proposes that two of the oldest recognizable radiations in the animal record that led to the emergence of modern metazoan phyla are of most basic order (i.e. mediated by basic modules), in contrast to further "secondary radiations" that are based on more derived systems of evolvability-conferring mechanisms. It is proposed that two major transitions in the lower and upper Ediacaran were associated to the selection of two evolvability-conferring systems that started on the base of developmental sublineages and macroscopic metameres respectively. While it is not excluded that later radiations could be linked to more derived evolvability-conferring systems, it is suggested that earlier transitions in unicellular or even more archaic worlds were associated to evolvability at lower scales of basic modularity (Table 1 , scales 1.-5.), but the fossil record may remain silent about the latter radiations, whereas, the two postulated phases of basic animal radiations that led to metazoa, may be mirrored by specific structures and sequences in late Neoproterozoic and early Phanerozoic strata.
It is crucial to consider whether well definable predictions of the present hypothesis are compatible with the detailed structures and temporal dynamics of known Ediacaran fossils, and weather it is possible to make specific predictions. In this context, it is important to realize that current chronostratigraphic events in the Ediacaran are poorly constrained and that there are relatively few fossil species described from a limited number of localities.
Nevertheless, as it is going to be discussed, the new model of basic evolvability is in harmony with up to date knowledge of Ediacaran evolution and its predictions may be verified vs. falsified through future investigations.
As proposed above, the dynamics of module-based radiations at different scales may be subject to general rules and this may have generated characteristic temporal patterns. In that way, it has been suggested that radiations may progress through characteristic phases:
Initiation through module multiplication at a new scale, followed by a phase of reactivation of older scales through selection for evolvability, then very rapid evolution, and finally a return back to equilibrium. During the radiation that led to macroscopic metazoa the beginning of the first phase would be marked by the first occurrence of animals with reiterated metameres at the new scale. At this initial point, however, effective evolvability through nested modules at lower scales may not yet be operative. Therefore, poor differentiation among macroscopic metameres may be characteristic for the beginning. Later, when the entire hierarchy of nested scales will have been reactivated and re-elaborated through repeated rounds of selection for evolvability, different metameres of an organism may begin to diversify and overtake more and more specialized and sophisticated functions, and then, as a consequence of maximal evolvability a phase of very rapid evolution may follow. Finally, a return back to equilibrium may slow down diversification events, but later, selection of more derived evolvability-conferring mechanisms may lead to further radiations at lower taxonomic levels.
As is going to be discussed, the current picture about the late Neoproterozoic and early Phanerozoic record is in agreement with the above expectations if one accepts that frondlike macroscopic body plans are basal to metazoa and that the following stratigraphic succession up to fossils with strong metazoan affinity simply displays the order of evolutionary events that led to higher animals.
From frondose metamerism to segmented body plans
Stratigraphically above Gaskiers glaciation, in sediments that were deposited between 580 Ma and 560 Ma , there appear the first metameric macrofossils dominated by fronds and spindles, the so-called Rangeomorphs (see Fig. 2 ) and related forms (e.g. Charnia, Charniodiscus, Fractofusus). Although these organisms do not look like current metazoa, there is growing consensus that they were animals (Laflamme and Narbonne (Laflamme and Narbonne 2008a) , as if they were constructed from one basic module that is reiterated many times to form metameres, which are themselves reiterated to form a macromeric body plan. The overall phenotypes seem relatively simple and no complex macroscopic predators and animal food chains had yet evolved, nevertheless, an elevated complexity at the cellular level (beyond fossil resolution) should have already existed. While some primitive forms of active muscle-cell-driven movement are possible, it appears that the earliest Ediacaran biotas did not possess a neuro-muscular system that was highly connected and coordinated along the longitudinal axis, like it is required for complex movement of modern animals. In fact, different metameres (frondlets) show a high degree of homonomy (i.e. morphological similarity), which is probably linked to independency at the functional level. The homonomous metameric morphology (Fedonkin 2003) combined to an inferred mode of apical growth (Antcliffe and Brasier 2008) , suggests repeated activation of the same developmental program by a terminal addition mechanism.
While becoming less abundant, fossils of the Rangeomorph level of complexity will subsist into upper Ediacaran strata or a bit longer (e.g. Grazhdankin 2004 , and see Fig. 2 ). However, in fossils found in strata from Balticum and Australia that have been deposited about 10-20 millions of years after the first Rangeomorphs, a new degree of complexity is reached, with body plans that display signs of longitudinal differentiation among metameres and horizontal mobility. These increasingly complex body plans are represented by a group of fossils that has been termed "Proarticulata" (Fedonkin 2003) , including genera such as Dickinsonia, Spriggina, Parvancorina, Vendia, or Yorgia from around 555 Ma (Martin et al. 2000) . In most cases these organisms disposed of a head-like structure on one end and a metamerically constructed "trunk-and-tail" region. By contrast to the still controversial metazoan affinity of the somewhat older Rangeomorphs, it seems most likely that the more complex body plans of Proarticulata are from animals. Resolution of these fossils is far too low to recognize details at the cellular level, however at this evolutionary stage morphological deviations from pure homonomy allow the conjecture of developmental and functional differentiation among metameres. Furthermore, longitudinal diversification and coordination of metameric function can be inferred from trace fossils that point to evolving locomotive and feeding behavior of these animals (Fedonkin 2003) . Complexity is epitomized in the form of Kimberella that has been interpreted as a bilaterally symmetrical, anatomically rather complex organism with some resemblance to primitive mollusks (Fedonkin and Waggoner 1997) . The presence of a non-mineralized shell, crawling trails, and perhaps feeding tracks (Fedonkin 2003) , together with a more complex morphology, points to significantly enhanced diversification, complexification and coordination of ancestral metameres.
An evolutionary trend of basic evolution that is accompanied by metameric differentiation may have been pursued in early Phanerozoic Trilobites where "repeated evolution of more complex regional patterning from a simple and basal homonomous condition" has been recognized (Jacobs et al. 2005) . However, at this time the Cambrian explosion is in full progress; many (if not most) modern metazoan phyla have already branched off (Conway Morris 1989; Valentine et al. 1999; Budd 2008) . High macromeric evolvability and subsequent loss of such modular evolvability during the Cambrian could also be the reason for an observed trend of Trilobite evolution, in which "species" of the early Cambrium show intraspecific variation in the number of adult segments, whereas most later forms have more defined segment numbers, although a few exceptions such as A. konincki may have maintained segment number variability (Hughes et al. 1999 ) and thus, perhaps, an elevated degree of basic evolvability.
It has often been suggested that Ediacaran-biota may represent an extinct clade; a fallen experiment of early animal evolution, but in the light of the present hypothesis of basic evolvability, an evolutionary continuity from frond-like to more complex segmented animals seems to be a realistic possibility. Thus, Rangeomorphs may represent the ancestral state of higher metazoa. But the establishment of Ediacaran trends is not a simple task. Not only temporal change, but also regional and ecological partitioning (Grazhdankin 2004) , and finally taphonomy (Narbonne 2005) are determinants for the fossil record at a given locality.
But in defiance of these complications, the present hypothesis predicts that future fossil discoveries should confirm a temporal continuity of the first appearances of new body plans from simple homomerism to more complex development and function with heteromeric 
Early axial plasticity and secondary simplification
The order and timing of branching points at the base of the animal tree is a largely open question. The present model of an initial start-up phase of increasing evolvability suggests that the earliest derivatives from a new modular scale may have been soon replaced by more competitive successors. So, many of the modern animal phyla may have branched-off around the hypothesized peak of evolvability at the Ediacaran-Cambrian shift (Fig. 2) .
Comparative analysis of the molecular and developmental toolkits from extant bilaterian clades (Tautz 2004; Blair 2008; De Robertis 2008) , combined to fossil data (Jacobs et al. 2005; Couso 2008 ), led several authors to the convergent conclusion that bilaterian segmentation may have a common origin at the base of the Cambrian. In such backward extrapolation, terminal addition, most plausibly Notch-clock-mediated, may represent the urbilaterian state (Stollewerk et al. 2003; Tautz 2004) , a picture that is well compatible with the present model, which postulates a maximally evolvable, segmented ancestor that lived close to the end of the Ediacaran, and that has been constructed through a hierarchical system of basic phenotype-modules up to the level of macromeres (Fig. 1) . However, the existence of a segmented and rather complex last common ancestor of bilaterians appears to be a plausible scenario only, if far-reaching secondary simplification and loss is accepted as a widespread and important phenomenon at the base of many bilaterian phyla (Jacobs et al. 2005; Blair 2008; De Robertis 2008) .
Inevitably, the question about the phylogenetic positions of non-bilateral Ediacaran fossils and of extant basal phyla is imposed. In the classical model bilaterians are thought to have sprung from radial ancestors (Hyman 1951) . Here, a challenging perspective is going to be considered. Inspired by the many peculiar symmetries of the Ediacaran biota, and based on the present hypothesis of developmental evolvability, an extreme axial plasticity for early metazoan evolution is proposed. The upper strata of the Ediacaran have released several metameric macrofossils with very peculiar multiradial symmetries (e.g. Swartpuntia, Tribrachidium, Eoandromeda) while the somewhat older Rangeomorphs, but also many Proarticulata display gliding-type symmetries closer to bilaterality. Thus, if there would be an ancestral mechanism of terminal addition that has one single origin in form of rangeomorphlike macroscopic metamerism, and if the absence of other symmetries among the earliest macroscopic animals is real, the gliding bilaterality of Rangeomorphs may be the original state, that has been maintained in Proarticulata, or transformed during the upper Ediacaran into either true bilateral, or at several instances into more radial symmetries, or perhaps even into complete asymmetry. Swartpuntia for instance, can be interpreted as a triradial variant that branched somewhere between Charniodiscus and Dickinsoniids, both displaying glidingtype symmetries. The assumption that bilateral symmetry is mechanistically not far away from gliding symmetry is tenable in the light of an observed left-right asynchrony in the expression pattern of engrailed in terminal addition of grasshoppers (Patel et al. 1989; Jacobs et al. 2005 ).
In developmentally relatively simple and highly evolvable Ediacaran lines a few genetic modifications that affected major morphogenetic gradients and the terminal additionmechanism of metamerisation may have allowed fundamental remodeling of the main body axes. Moreover, if the controversial report about triploblastic embryos and the bilateral symmetry of Vernanimalcula from the Doushantuo formation is relevant (Chen et al. 2000; Bengtson and Budd 2004; Chen et al. 2004; Chen et al. 2009 ), so true bilaterality could even be older. Dpp-and wingless signaling, and perhaps also primitive hox-like clusters may have already existed in small animals from the lower Ediacaran. In that case bilaterality may be regarded as the default state. The molecular elements of an antero-posterior and dorso-ventral gradient would have been maintained or co-opted in the line that led to metameric animals.
During the lower and upper Ediacaran and in the early Cambrian it may have been then transformed several times into more radial forms, or even into complete asymmetry, through secondary modifications. The fact that some Cnidaria such as Nematostella exhibit features of bilaterian symmetry and corresponding molecular-developmental homologues of the dorsoventral axis (Finnerty et al. 2004 ) supports such a possibility. Similarly, to axial loss, triploblasty has been proposed to be an old acquisition that, in basal phyla, has been secondarily simplified into diploblasty (Seipel and Schmid 2005) .
After such an early phase of axial plasticity and simplifications during the Ediacaran, near the base of the Cambrian, due to loss of basic evolvability and increasing developmental constraints, symmetries would have become fixed, and thus reliable phyletic markers.
Symmetry has in general been considered as one of the most basic and relevant criterion for metazoan systematics. In most cases this may be very useful for taxonomic classification of modern phyla, however, it may simply not be a primary criterion for Ediacaran phylogenetics.
Such a view implies new degrees of freedom to the interpretation of molecular-developmental and phylogenomic data from the most basal phyla. In the context of the present model the fundamental question would be whether basal phyla (Placozoa, Porifera, Ctenophora, Cnidaria, or Acoels) branched before or after the occurrence of the first macromeric animals.
In a first scenario all extant metazoan phyla have branched around or somewhat after the Precambrian-Cambrian radiation (see Fig. 2 ), which means that no living witness of the sublineage-based grade of complexity would exist anymore. In fact, Acoels, Cnidarians and Ctenophores, but even Sponges and Placozoa would be the descendants of a metameric animal with gliding symmetry, which would signify extreme secondary loss and simplification. Moreover, in that case, the branching points of most animal phyla would have occurred in a quick succession around the Precambrian-Cambrian transition, and phylogenomic resolution at the metazoan base may be difficult (Rokas and Carroll 2006) . A metameric ancestry may still be recognizable, if at least some species from each extant phylum would have conserved or co-opted molecular-developmental relicts of Notch-clock mediated terminal addition that are difficult to explain through parallel evolution. But this scenario would be at odds with unambiguous fossil evidence of basal phyla from strata below the occurrence of the first macromeric animals. Actually, except for putative fossils of small bilateral animals from Doushantuo, Ediacaran strata are still lacking any unequivocal evidence about adults of basal metazoan phyla (Li et al. 1998; Zhang and Yuan 1998; Leiming et al. 2001; Pisera 2006; Antcliffe and Brasier 2007; Budd 2008; Liu et al. 2008 ).
In alternative scenarios any of the basal phyla may have branched before the occurrence of macromeric animals, during the time of a sublineage-based animal radiation (Fig. 2) . This would be supported through significant evolutionary distances of the respective phyla from higher bilaterians in phylogenomic analyses. Actually, during the last decades, phylogenetic trees generated from growing sets of molecular data and through new analytical methods have undergone important changes at several instances (DeSalle and Schierwater 2008), and it seems that phylogenomics cannot give yet definitive conclusions about the branching order at the base of the animal tree (e.g. Dunn et al. 2008; Philippe et al. 2009 ). But, further support for an early branching of a basal phylum would occur in form of clear fossil evidence from strata below the occurrence of the first macromeric animals. Yet, many Ediacaran fossils have been tentatively classified into so-called stem-groups of modern phyla (Runnegar 1995) , however, this may be the expression of an inherent propensity of Paleontologists to classify fossils into modern phyla, rather than real phylogenetic relationships. On the other hand the lack of unambiguous fossil evidence can never be taken as a proof for the absence of corresponding organisms. Either, the respective animals have not been fossilized, or initial fossils have been destroyed or are not yet discovered, or the existence of stem groups with unusual and primitive forms is real.
Nevertheless, as discussed above, positive data from future fossil discoveries or new phylogenomic and molecular-developmental investigations supported by the systematic lack of contradictory fossils may lead to more definitive conclusions. Freed from the classical bias, the picture about the base of the animal tree may undergo considerable remodeling.
Two non-glaciogenic carbon excursions
Further indication of two Ediacaran peaks of animal evolvability may appear in the form of carbon isotopic anomalies (Barfod et al. 2002; Condon et al. 2005; Halverson et al. 2005; Le Guerroué et al. 2006a; Le Guerroué et al. 2006b; McFadden et al. 2008) . A picture with three globally occurring negative carbon excursions has been proposed for the Ediacaran: The base is defined by a first prominent excursion, which is temporally and perhaps causally associated to the Marinoan glaciation. Then, there is an ongoing controversy about the timing and global correlations of carbon excursions from mid Ediacaran strata, where some authors suggest one single, globally correlated, and extensive carbon excursion to have occurred before Gaskiers glaciation (Barfod et al. 2002; Halverson et al. 2005; Le Guerroué et al. 2006a; Le Guerroué et al. 2006b; Le Guerroué et al. 2006c; Bowring et al. 2007; Bowring et al. 2009; Le Guerroué et al. 2009 ). The third excursion fits to the Ediacaran-Cambrian boundary (Amthor et al. 2003) . Among the deepest 13 C deflexions of earth history, neither the middle (Le Guerroué 2006), nor the upper excursions appear to coincide with substantial glaciation events. Data about the isotopic fractionation of inorganic and organic carbon in Ediacaran and Preediacaran strata can be best explained through the assumption of a large isotopically buffered dissolved organic carbon (DOC) reservoir connected to a relatively small inorganic reservoir (DIC reservoir) (Rothman et al. 2003) . In steady-state equilibrium photosynthesis preferentially incorporates 12 C versus 13 C from the DIC into the DOC reservoir, while an equal flux of carbon isotopes back to the DIC reservoir through remineralization of the 12 C-enriched organic carbon maintains a constant 12 C/ 13 C ratio in inorganic sediments. Enhanced remineralization (at a constant or diminished rate of photosynthesis) has been proposed to be the most plausible explanation for the strong negative 13 C excursions of the Ediacaran (Rothman et al. 2003; . Here, I
propose that such transient disequilibrium may have been induced by a relatively slow evolutionary adaptation of autotrophs faced to high animal evolvability that suddenly created a transitional dominance of effective biomineralizators and algivores. Obviously, the negative carbon excursion at the Precambrian-Cambrian boundary does mark the end of a distinctive evolutionary phase and the beginning of a fundamental animal radiation. The cause of the early metazoan radiations has often been assigned to an increase of oxygen concentration that can be inferred from geochemical data (Canfield et al. 2007 ). Yet, oxygen-concentration is important for respiration of larger metazoa, the more direct cause may be the occurrence of a new level of evolvability. Here it is suggested that the two non-glaciogenic 13 C nadirs may coincide with, and be the direct consequence of, the proposed peaks of basic animal evolvability (Fig. 2) .
Is there another evolutionary shift in the earlier Ediacaran?
Thus, the most ambitious prediction that can be derived from the present hypothesis is that there should appear a two-phased trend of microfossil evolution in the earlier Ediacaran, with Similar to the Ediacaran-to-Cambrian shift, there should be in a first phase a gradual appearance of a limited set of stem-species that will subsist until close to the evolvability peak or a bit longer, while afterwards there may appear an explosion of many shorter-ranging "crown-group" species. The first phase and perhaps even the first part of the second phase of such a predicted trend may already be reflected in form of acritarch species from Australian, east European and Chinese strata (Grey et al. 2003; Willman et al. 2006; McFadden et al. 2008; Willman and Moczydlowska 2008; McFadden et al. 2009; Vorob'eva et al. 2009 ), however, the putative link between such acritarch hulls and first small metazoans would have to be more clearly established and chronostratigraphic resolution and global correlations would have to be improved.
In summary, there is not yet enough data to clearly recognize the predicted trends and a shift in the lower Ediacaran evolution of small animals. Hopefully, in addition to acritarch data, there will be more microscopic body fossils, not only from Doushantuo, that will allow recognizing putative trends of small-metazoan evolution from the lower Cambrian. However, because the chemistry and microbiology of the Ediacaran Ocean seems to have coevolved in an equally dramatic way as its biology (e.g. Shen et al. 2008b) , it is unclear in which way fossilization of the predicted trends may have been affected by changing taphonomy.
With or without the present hypothesis there is remaining the lack of many intermediate forms in lower and upper Ediacaran fossils, which is perhaps not entirely attributable to just a low taphonomic potential of soft-bodied animals. Rather, the occurrence of such intermediate forms may have been locally and temporally restricted (see Eldredge and Gould 1972) . Thus, the presence of a few globally distributed species may just represent the most successful spinoffs of a small reservoir of highly evolvable lines, whose fossil record, if it exists, would remain to be discovered.
Basic modularity of extant organisms
Finally, the question to what extent basic phenotype modules may still be discernable in extant animals is going to be discussed. As suggested above, a basic radiation ends up in a phase of equilibrium and subsequently, basic modularity may be largely obscured through further adaptive mutations. However as I am going to argue, this is (at least in some phyla) the case mainly for modularity at the highest scales (i.e. metameres or sublineages for example),
while basic modularity at lower scales, such as exon shuffling, may have been repetitively reselected in evolutionary lines that underwent subsequent and radical adaptations. The reason would be that basic modularity at lower scales may still have played an important role in more derived evolvability-conferring systems of more recent radiations. Nevertheless, even on larger scales, systematic and high throughput analysis of molecular markers, cell types and cell lineages may reveal a largely obscured but still recognizable structure of basic phenotype modules.
Genome wide statistical analysis of the exon-border-to-domain-border correlations, but also of the mobility (where mobility is defined by the abundance of a certain domain in different genes of the genome and the diversity of other protein domains that co-occur with that domain in mosaic proteins) and the phasing of exons showed a highly significant correlation among domain borders and exon borders, with an obvious preference for symmetrical class 1-1 exons (Liu and Grigoriev 2004; Liu et al. 2005 ). This provides another strong argument for exon shuffling. In addition it has been noted that this class of exons frequently occurs in families of animal-specific proteins, that this class exhibits a high degree of mobility, and displays recent expansion in metazoa, particularly in the younger lines of vertebrates and humans. Altogether, this is in strict harmony with several revivals of exon shuffling, at least one during early metazoan evolution and perhaps others during later radiations that led to younger taxa.
Furthermore it supports the hypothesis that lacking selection for evolvability allows the loss of clear exon-borders, whereas in younger lines repeated selection for evolvability at lower scales maintained it.
Similarly to the increased mobility of exons, one can observe more elevated dynamics at the scale of co-regulated groups of genes ( (Stuart et al. 2003) . Remarkably, they also observed that the animalspecific metagenes (groups of orthologous genes that lack a yeast homolog) display a significantly lower degree of conservation of their expression links. Thus, analogously to the increased mobility of exons in higher animals, co-expression among animal-specific genes appears to be more dynamic. Thus, in metazoa, both, exons and co-regulated gene expression modules may have been reselected during early and later metazoan radiations.
It would be interesting to systematically analyze basic modularity of species from lines that are indicated to have undergone radical morphological or functional radiations during recent evolution. At lower scales such highly evolvable species should display enhanced basic modularity, such as increased mobility of exons, enhanced dynamics of co-expression modules, and perhaps, in some cases such as in nematodes, an elevated evolvability through still recognizable sister sublineages.
Conclusion
As it has been just mentioned, not only paleontological and geochemical refinements may support the hypothesis of basic phenotype modules. In the molecular and developmental structure of extant organisms there may also exist many traces from ancestral and more recent activity of basic modules. At the scale of protein domain shuffling one would have to study whether exon mobility and evolvability are often correlated features. At the level of cell lineage, due to technical difficulties and to only a few established model systems for cell lineage analysis, there is not yet known much about the evolutionary significance of sublineal modularity. However, future efforts may reveal a significant correlation between sublineal modules and evolvability. Finally, the hypothesis of basic phenotype modules may be substantiated through the application of hierarchically nested modules to in vitro and in silico systems (e.g. co-expression groups and domain-shuffling). Domain-shuffling libraries for instance have already proven as a powerful application of in vitro evolution for the purpose of artificial enzyme design (Farinas et al. 2001; Kolkman and Stemmer 2001; Powell et al. 2001) and in silico domain shuffling contributed a theoretical support for phenotype module-based evolvability (Bogarad and Deem 1999; Earl and Deem 2004) .
More direct evidence for the present hypothesis, which suggests that early metazoan evolution has proceeded in two evolvability-mediated radiations through a system of hierarchically nested basic phenotype modules, may appear in the Ediacaran strata. Current knowledge of
Ediacaran fossils together with geochemical data are in perfect harmony with predictions as they can be deduced from the hypothesis of basic phenotype modules. But only future paleontological and paleogeochemical investigations will tell whether these are significant trends that will resist to new discoveries. While future discoveries may corroborate it, a valuable hypothesis has also to allow the option to be falsified. In that sense it is possible that future data will be in complete contradiction to the present hypothesis.
Classical pictures of metazoan evolution led to the expectation of a rather linearly increasing complexity of body plans in the fossil record, such as it can be observed in the spectrum of extant animal phyla. In such models, based on many small steps of developmental innovations, animals would have evolved from unicellulars, to simple animals of a Sponge-or Placozoan-like grade, followed by the successive occurrence of Ctenophores, Cnidarians, Acoels, and ending up in highest degrees of complexity such as it can be found in bilaterians.
However, despite considerable efforts to dissolve the animal tree through moleculardevelopmental arguments or phylogenomic methods and expectations to find corresponding biostratigraphic successions, the problem about the sequence and timing of phyletic branching
is not yet resolved. Fossils of modern animal phyla do not appear in a clear succession of increasing complexity, but rather in an unexpected and punctuated manner over a relatively short or even extremely short period of time. It is still absolutely uncertain weather basal animal phyla branched significantly before the Cambrian. In summary, the current paleontological picture is not really congruent with the classical expectations. A rather complex molecular toolkit and a common embryological platform in all extant animals, but also an appearing two-staged sequence of very rapid early animal evolution in the fossil record, with exotic Precambrian body plans is suggested to be more plausibly explainable by the present model. In contrast to most previous views, where the occurrence of macroscopic metazoa at mid Ediacaran has been regarded as a distinct radiation (Grotzinger et al. 1995; Shen et al. 2008a; Dong et al. 2008 ), this new model interprets the upper Ediacaran biota as stem-metazoans and the representatives of a start-up phase that forms together with the Cambrian explosion one basic evolutionary unit of basic evolvability. A basic, two-phased radiational unit, that is similar to the Ediacaran-to-Cambrian transition, but that is based on sublineage-like modules is hypothesized to have occurred in the lower Ediacaran. Many data from lower-and upper-Ediacaran paleontology and geochemistry would be explainable through such a model of two basic radiations. However, Ediacaran datings and correlations among respective strata are still highly debated (see above). The critical point is, whether future fossil discoveries and refinements of geological data will confirm, rather than contradict, the sequence and structures here proposed to be characteristic for two peaks of basic evolvability.
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